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Abstract: Crop models with well-tested parameters may help improve sugarcane productivity for
food and biofuel generation, especially in rainfed areas where studies are scarce. This study aimed to
calibrate crop parameters for the sugarcane cultivar CP 72-2086, an early-maturing cultivar widely
grown in Mexico and other countries, and evaluate their adequacy in simulating sugarcane in a
diverse range of rainfed conditions. For the calibration and evaluation of parameters, the ALMANAC
model was used with climate, soil, management, and yield for two growing seasons from 30 farms
in three regions (Northeastern Mexico, Gulf of Mexico, and Pacific Mexico). Statistical analyses
were made using regression analysis and mean squared deviation and its three components, i.e.,
the squared bias, the lack of correlation weighted by the standard deviations, and the squared
difference between standard deviations. Model simulations with a light extinction coefficient (k)
of 0.69, maximum leaf area index of 7.5, leaf area index decline rate of 0.3, optimal and minimum
temperature for plant growth of 32 ◦C and 11 ◦C, respectively, potential heat units of 6000 to
7400 degree days (base 11 ◦C), harvest index of 0.9; maximum crop height of 4.0 m, and root depth of
2.0 m showed highest accuracy and captured best the magnitude of yield fluctuations with a root mean
squared deviation of 7.8 Mg ha−1. The parameters were found to be reasonable to use in simulating
sugarcane in diverse regions under rainfed conditions. Using a dynamic value of k (varying during
the growing season) deserves further study as it may help improve crop model precision.

Keywords: parameterization; model calibration; bioenergy crop; yield energy value

1. Introduction

Sugarcane (Saccharum spp.) is an important perennial crop planted in tropical and subtropical
regions of the world [1,2]. One of the world’s main carbohydrate sources [3], it also provides an efficient
system for the conversion of photosynthate into different forms of energy [4], making it a viable source
of renewable energy for transportation, electricity [1], and future technologies in biorefineries [2].
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Thus far, the sugarcane crop is considered to have the best potential for the production of ethanol to
replace fossil fuels as it shows the highest energy ratio (energy delivered per energy spent) among
the biofuels [5]. Its use is expected to help mitigate the harmful effects of the petroleum-based energy
system [2]. The growing pressure to increase productivity of sugarcane [4] for food production [3] and
biofuel generation [1,6] has resulted in a worldwide increase in sugarcane area from 23.7 million ha in
2010 to 27.1 million ha in 2014 [6,7] and a greater interest in researching sugarcane and its industrial
exploitation [2]. This expansion of sugarcane cultivation, which, in some cases is on marginal lands
and vulnerable to the potential impacts of climate change, presents farmers with multiple challenges,
especially in countries like Mexico and Brazil, where the sugarcane industry has both social and
economic impact, being the source of livelihood for many rural families [8,9].

Crop models are helpful tools in improving sugarcane productivity as they aid in the synthesis and
application of knowledge and in yield forecasting [10]. Field-scale models, such as ALMANAC [11],
EPIC [12], CANEGRO [3,13], and APSIM [3,14], as well as regional-scale ones, such as Agro-IBIS [15]
and LPJmL [16], have been applied to energy crops under a wide range of environments. These models
differ in the degree of parameterization needed and in their ability to simulate different cultivars and
different stress conditions [8,17]. These complexities can be a hindrance to the application of crop
models for sugarcane, possibly because of the lack of understanding of their capabilities and limitations
and also because of the difficulties in using them. Another problem seems to be the general lack of
model credibility [8]. For crop simulations to be reliable, high-quality field data is required for model
development, and more effort is needed in the parameterization and validation of models [10,18].
Some of the physiological development and growth parameters that appear in model functions vary
among sugarcane cultivars and therefore need to be estimated from data in order to predict growth
and yield [8]. Region-specific calibrations of models are also essential [10].

Well-tested parameters are required for the development of robust crop models for reliable yield
predictions [19]. Unfortunately, recent literature holds little information on parameter estimation for
crop models [20]. Hence, there continues to be uncertainty regarding the allocation of parameters
to sugarcane species, ecotype, and cultivar categories [21]. Parameters related to photosynthesis
are particularly important to sugarcane simulation as biomass production is dependent on the
amount of photosynthetically active radiation (PAR) intercepted by the crop canopy [21–23]. The light
extinction coefficient (k), a key parameter in sugarcane yield simulation, describes the efficiency of
light interception for the canopy [4,24–26]. Studies have been done [24,27] to compare the relationship
of different k values and yield of sugarcane cultivars. However, there is insufficient information on
the cultivar chosen for this study, CP 72-2086, which is widely grown in Mexico and other countries.
Modeling studies of sugarcane under rainfed conditions are particularly scarce. Hence, this study
calibrated crop parameters for the sugarcane cultivar CP 72-2086 under rainfed conditions using the
ALMANAC model and evaluated their adequacy in simulating sugarcane in a diverse range of rainfed
conditions in Mexico.

2. Materials and Methods

2.1. The ALMANAC Model

This study used the ALMANAC (Agricultural Land Management Alternatives with Numerical
Assessment Criteria) model, which has simulated the productivity of crops such as maize (Zea mays L.),
sorghum (Sorghum bicolor L. Moench), dry bean (Phaseolus vulgaris L.) [19,28,29], rice (Oryza sativa L.),
wheat (Triticum aestivum L.), and sunflower (Helianthus annuus L.) [11,30], as well as native grasses and
improved pastures [31]. The model has been successfully applied to biomass simulation of bioenergy
crops such as switchgrass (Panicum virgatum L.) [32–35] and sugarcane [36]. It has also been used in
studies for forecasting climatic change impact on native grasses [37].

The ALMANAC model was developed for use in field management; several individual fields
may be simulated to comprise a whole farm up to about 100 ha. Model input consists of weather
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(daily maximum and minimum temperatures, rainfall, and solar radiation), soils and management
data. In cases where weather data or portions of weather data are missing from available databases,
realistic values can be generated within the model itself [38].

The model runs on a daily time step and contains the following detailed functions to simulate
growth: light interception, competition for water and nutrients among plants, biomass production,
and biomass partitioning [39]. Light interception is simulated by Beer’s Law and considers total leaf
area and height of the canopy [39]. The water and nutrient balance subroutines are from the Erosion
Productivity Impact Calculator (EPIC) model [40]. Radiation interception and radiation use efficiency
(RUE) are the drivers of plant growth or biomass accumulation, which are in turn a function of the LAI
and k for FIPAR, as described by Monsi and Saeki’s (1953) Beer’s Law. RUE is a function of the vapor
pressure deficit and atmospheric CO2 [41,42], while LAI evolution is simulated with a daily heat unit
system that correlates plant growth with temperature. Detailed information on the main processes
simulated by ALMANAC, including the equations and requisite input parameters, is provided by
Kiniry [38].

The ALMANAC model can be used to compare management systems and their effects on yields,
nitrogen, phosphorus, carbon, pesticides, and sediment. Among the management components that
can be changed are irrigation scheduling, crop rotations, and tillage operations.

2.2. Study Area

Mexico produces sugarcane in 15 states grouped into six regions with a total area of 780,254 ha [43].
The study was conducted in sugarcane mill regions or “ingenios” in three Mexican states that are
important in terms of total sugarcane area and production [44]: San Luis Potosí State (Northeastern
Mexico), Jalisco State (Pacific Mexico), and Oaxaca State (Gulf of Mexico) (Figure 1).
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Figure 1. Thirty farm sites in three sugarcane regions of Mexico used to calibrate and validate crop
parameters of an early-maturing sugarcane cultivar (CP 72-2086) under dryland conditions.

The three areas are all classified as tropical humid (Group A climate) [45], with average annual
temperature of more than 18 ◦C. However, they vary in terms of precipitation. Oaxaca (Am climate
type) has precipitation of more than 2700 mm, but at least one month has less than 60 mm [46].
On the other hand, Jalisco (Aw2 and Aw1 climates) has annual precipitation ranging from 483 to
1203 mm [46], and San Luis Potosi (Aw2 climate) has a mean annual precipitation of 1372 mm [47];
the dry period for both is during winter. These three areas also vary in soils. Descriptions of the soils,
climate, and location of the farm sites are found in Table 1, while data on planting dates and other crop
management information are in Table 2.
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Table 1. Location, soil, and climate characteristics of 30 farm sites used for the calibration and validation of crop parameters for the sugarcane cultivar CP 72-2086 in
dryland sugarcane areas in Mexico.

Study Phase Mill, State and
Sugarcane Region Harvest Period Farm Site Location Soil Classification and Physical Description a Climate b

Calibration

Ingenio Plan de
Ayala, San Luis

Potosi, Northeast
Region

2008–2009 and
2009–2010

1 99◦04′32.11′ ′ W, 22◦37′10.70′ ′ N, 156 m a.s.l. Vertisols, 36% clay, 34% silt, 1.86% SOC, 8.5 pH 29.9 ◦C, 18.3 ◦C ,1188 mm, AW2
2 99◦05′41.56′ ′ W, 22◦38′16.5′ ′ N, 147 m a.s.l. Vertisols, 36% clay, 34% silt, 1.86% SOC, 8.5 pH 30.0 ◦C, 18.3 ◦C, 1172 mm, AW2
3 99◦15′59′ ′ W, 22◦07′49′ ′ N, 561 m a.s.l. Rendzina, 32% clay, 34% Silt, 1.86% SOC, 8.5 pH 29.3 ◦C, 17.2 ◦C, 1559 mm, (A)C(m)
4 99◦05′20.78′ ′ W, 22◦30′07.60′ ′ N, 240 m a.s.l. Calcaric Regosols, 56% clay, 20% Silt, 3.37% SOC, 7.4 pH 29.2 ◦C, 17.6 ◦C, 1193 mm, AW2

Validation

Ingenio Plan de
Ayala, San Luis

Potosi,
Northeastern

Region

2009–2010

1 99◦03′04.17′ ′ W, 22◦31′43.01′ ′ N, 243 m a.s.l. Rendzina, 46% clay, 32% silt,1.22% SOC, 8.4 pH 29.2 ◦C, 17.7 ◦C, 1218 mm, AW2
2 99◦03′48.73′ ′ W, 22◦24′11.92′ ′ N, 271 m a.s.l. Vertisols, 56% clay, 20% silt,3.37% SOC, 7.4 pH 28.8 ◦C, 17.3 ◦C, 1216 mm, AW2
3 99◦50′46.01′ ′ W, 22◦20′16.93′ ′ N, 259 m a.s.l. Calcaric Regosols, 56% clay, 20% silt,3.37% SOC, 7.4 pH 29.1 ◦C, 17.5 ◦C, 1208 mm, AW2
4 99◦07′35.24′ ′ W, 22◦21′25.52′ ′ N, 220 m a.s.l. Litosol, 56% clay,20% silt,3.37% SOC, 7.4 pH 28.5 ◦C, 17.0 ◦C, 1243 mm, AW2
5 99◦04′32.89′ ′ W, 22◦36′40.37′ ′ N, 168 m a.s.l. Vertisols, 36% clay, 34% silt,1.86% SOC, 8.5 pH 29.9 ◦C, 18.3 ◦C, 1191 mm, AW2
6 99◦05′09.80′ ′ W, 22◦26′11.45′ ′ N, 287 m a.s.l. Calcaric Regosols, 56% clay, 20% silt, 3.37% SOC, 7.4 pH 28.9 ◦C, 17.4 ◦C, 1207 mm, AW2
7 99◦04′47.77′ ′ W, 22◦31′07.12′ ′ N, 225 m a.s.l. Calcaric Regosols, 34% clay, 26% silt, 0.70% SOC, 7.7 pH 29.4 ◦C, 17.8 ◦C, 1199 mm, AW2
8 99◦04′32.1′ ′ W, 22◦25′10.23′ ′ N, 270 m a.s.l. Vertisols, 56% clay, 20% silt, 3.37% SOC, 7.4 pH 28.9 ◦C, 17.4 ◦C, 1208 mm, AW2

Ingenio Adolfo
Lopez Mateos,

Oaxaca, Gulf of
Mexico Region

2008–2009

1 96◦14′22.07′ ′ W, 18◦06′54.52′ ′ N, 52 m a.s.l. Chromic Luvisols ,48% clay, 28% silt, 1.45% SOC, 6.8 pH 30.0 ◦C, 20.3 ◦C, 2613 mm, Am
2 96◦14′47.30′ ′ W, 18◦07′55.28′ ′ N, 41 m a.s.l. Chromic Luvisols, 48% clay, 28% silt, 1.45% SOC, 6.8 pH 30.0 ◦C, 20.3 ◦C, 2560 mm, Am
3 96◦13′45.31′ ′ W, 18◦08′10.97′ ′ N, 31 m a.s.l. Chromic Luvisols, 48% clay, 28% silt, 1.45% SOC, 6.8 pH 30.0 ◦C, 20.3 ◦C, 2458 mm, Am
4 96◦12′12.86′ ′ W, 18◦08′49.68′ ′ N, 24 m a.s.l. Chromic Luvisols, 48% clay, 28% silt, 1.45% SOC, 6.8 pH 30.2 ◦C, 20.4 ◦C, 2279 mm, Am
5 96◦12′46.19′ ′ W, 18◦09′33.92′ ′ N, 16 m a.s.l. Chromic Luvisols, 48% clay, 28% silt, 1.45% SOC, 6.8 pH 30.3 ◦C, 20.5 ◦C, 2193 mm, Am
6 96◦17′44.28′ ′ W, 18◦07′10.88′ ′ N, 49 m a.s.l. Luvic Phaeozems, 48% clay, 28% silt, 1.45% SOC, 6.8 pH 30.0 ◦C, 20.3 ◦C, 2801 mm, Am
7 96◦11′39.50′ ′ W, 18◦06′56.81′ ′ N, 29 m a.s.l. Chromic Luvisols, 48% clay, 28% silt, 1.45% SOC, 6.8 pH 30.1 ◦C, 20.3 ◦C, 2427 mm, Am

Ingenio Jose Maria
Morelos, Jalisco,
Pacific Region

2008–2009

1 104◦28′58.32′ ′ W, 19◦34′23.12′ ′ N, 289 m a.s.l. Haplic Phaeozems, 36% clay, 18% silt, 0.64% SOC, 4.7 pH 32.8 ◦C, 18.7 ◦C, 1430 mm, AW2
2 104◦27′48.84′ ′ W, 19◦34′16.36′ ′ N, 300 m a.s.l. Haplic Phaeozems, 36% clay, 18% silt, 0.64% SOC, 4.7 pH 32.8 ◦C, 18.7 ◦C, 1458 mm, AW2
3 104◦27′21.89′ ′ W, 19◦38′22.70′ ′ N, 338 m a.s.l. Haplic Phaeozems, 36% clay, 18% silt, 0.64% SOC, 4.7 pH 32.9 ◦C, 18.4 ◦C, 1556 mm, AW2
4 104◦31′19.56′ ′ W, 19◦37′37.31′ ′ N, 285 m a.s.l. Haplic Phaeozems, 36% clay, 18% silt, 0.64% SOC, 4.7 pH 32.9 ◦C, 18.6 ◦C, 1457 mm, AW2
5 104◦29′52.52′ ′ W,19◦36′59.55′ ′ N, 287 m a.s.l. Haplic Phaeozems, 36% clay, 18% silt, 0.64% SOC, 4.7 pH 32.9 ◦C, 18.6 ◦C, 1458 mm, AW2
6 104◦32′10.29′ ′ W, 19◦36′41.92′ ′ N, 280 m a.s.l. Haplic Phaeozems, 36% clay, 18% silt, 0.64% SOC, 4.7 pH 32.8 ◦C, 18.6 ◦C, 1423 mm, AW2
7 104◦37′04.69′ ′ W, 19◦30′38.15′ ′ N, 257 m a.s.l. Haplic Phaeozems, 44% clay, 28% silt, 2.21% SOC, 6.3 pH 32.5 ◦C, 18.8 ◦C, 1196 mm, AW2
8 104◦26′59.41′ ′ W, 19◦36′15.36′ ′ N, 331 m a.s.l. Haplic Phaeozems, 36% clay, 18% silt, 0.64% SOC, 4.7 pH 32.9 ◦C, 18.3 ◦C, 1585 mm, AW1
9 104◦31′00.62′ ′ W, 19◦35′00.57′ ′ N, 279 m a.s.l. Haplic Phaeozems, 36% clay, 18% silt, 0.64% SOC, 4.7 pH 32.8 ◦C, 18.7 ◦C, 1391 mm, AW2

10 104◦33′12.65′ ′ W, 19◦31′04.30′ ′ N, 269 m a.s.l. Haplic Phaeozems, 36% clay, 18% silt, 0.64% SOC, 4.7 pH 32.5 ◦C, 18.8 ◦C, 1278 mm, AW1
11 104◦32′50.04′ ′ W, 19◦33′13.20′ ′ N, 262 m a.s.l. Eutric Regosols, 44% clay, 28% silt, 2.21% SOC, 6.4 pH 32.7 ◦C, 18.7 ◦C, 1327 mm, AW1

a Soil units described by FAO-UNESCO-ISRIC. b Respectively: mean maximum and minimum temperature, mean annual rainfall, Koppën classification modified by Garcia [45].
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Table 2. Management practices in three Mexican sugarcane regions with CP 72-2086 cultivar grown under dry land conditions (Harvest periods 2008–2009, 2009–2010).

Management Practice Ingenio Plan de Ayala, San Luis
Potosi †. Northeastern Mexico

Ingenio Adolfo Lopez Mateos, Oaxaca †.
Gulf of Mexico Ingenio Jose Maria Morelos, Jalisco ‡. Pacific Mexico

Land Preparation

Subsoil: February, April or May Subsoil: October–November Subsoil: October, November and December
First ripping: April Ripping: October–November Ripping (3 times): October–November

Second ripping and fallow: May Fallow: October–November Fallow: October–December
Herbicide application: June Herbicide application: October–November Herbicide application: June-July

Planting period September–November October–December October–December

Plant density 6–8 Mg of seed billets/ha 10 Mg of seed billets/ha 10–12 Mg of seed billets/ha

Planting method Manual in inter-row furrows of 1.3 m Manual in inter-row furrows of 1.2 m Manual in inter-row furrows of 1.4 m

Fertilization
First application: 100-50-100

Second application: 138-00-00
Applied manually in moist soil

Application: 102-102-102
Applied manually in moist soil

First application: 96-96-96 or 120-60-160 organic compost (2 Mg ha−1)
Second application: 92-00-00

Applied manually in moist soil

Harvesting December–April November–January December–January

Other practices Weed and pest control Weed and pest control Weed and pest control

Source of information: † Farmer interviews and on-site surveys. ‡ Alvarez-Cilva (unpublished data).
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The majority of producers in the studied areas are “ejidatarios” (shareholders in common lands).
The rest are small farm owners and tenants [46]. Government loans and subsidies are made available to
farmers to enable them to adopt recommended management practices for the sugarcane mill regions.

2.3. Sugarcane Crop-Management Databases

The sugarcane crop-management information used in this study (Table 2) was derived from three
databases. The San Luis Potosi and Oaxaca databases consist of crop information for two growing
seasons (2008–2009 and 2009–2010) obtained through interviews of sugarcane growers in the mill
regions of Ingenio Plan de Ayala (San Luis Potosi State) and Ingenio Adolfo Lopez Mateos (Oaxaca
State). The crop-management information (Table 2) from planting to harvest for the two growing
seasons include the following: land preparation, planting period, planting density (quantity of seed
billets; sections of stems that are planted), planting method, distance between furrows, sugarcane
variety, application of bud-sprouting promoters, fertilization (period, dosage, type of fertilizer),
pest control (type of insecticide, dosage, number of applications, time of application), weed control
(type of weed, control method, type of herbicide, dosage, period of application), disease control, date of
harvesting, and yield production (previous and current growing season).

The Jalisco database holds the following information obtained from sugarcane mill reports of
Ingenio Jose Maria Morelos for the growing season 2008–2009: sugarcane variety, total harvested area,
yield production, date of harvest, fertilization date, soil type, crop age, crop maturity, type of harvest
(manual or machinery), irrigated or rainfed condition, farm site identification, type of land tenancy,
sugarcane farmer organization, owners name and locality, and sugarcane inspector ID. The following
additional field information was from Alvarez-Cilva (unpublished) of INIFAP (Instituto Nacional de
Investigaciones Forestales, Agricolas y Pecuarias): land preparation, planting period, planting density
(quantity of seeds), planting method, distance between furrows, sugarcane variety, pest control (type
of insecticide and dosage), and weed control (type of weed, control method, type of herbicide, dosage).

Four farm sites from the San Luis Potosi database were used for calibration. Eight additional
sites from this database were used for validation, along with seven and 11 sites from the databases of
Oaxaca and Jalisco, respectively.

2.4. Climate and Soil Databases

The climate information used in the study (Table 1) was obtained from a climate database
containing monthly “normal means” of the following parameters, derived from weather stations of the
National Meteorological Service of Mexico: monthly mean maximum and minimum air temperature
(◦C), monthly mean standard deviation of daily maximum and minimum temperatures (◦C), monthly
mean precipitation (mm), monthly standard deviation of daily precipitation (mm), monthly skew
coefficient for daily precipitation, monthly probability of wet day after dry day, monthly probability of
wet day after wet day, and average number days of rain per month (days).

The weather generator in the ALMANAC model was used to create the daily weather data
needed to run the model. This model component generates daily information on the occurrence and
amount of precipitation, maximum and minimum temperatures, and total solar radiation by using
Fourier coefficients and parameters that govern these weather variables [48]. It offers a convenient
and adequate method of obtaining the numerous long sequences of weather data that are required for
models such as EPIC and ALMANAC [48,49]. A full description of the weather generator is given in
Sharpley and Williams [50]. Figure 2 shows the maximum temperature, minimum temperature and
precipitation generated by the model versus the historical data recorded at the two weather stations
used during the calibration process. The historical and generated data for each of the weather stations
used during the validation process of the model are shown in Appendix A. The weather stations were
within or close to (average distance of 33 km for San Luis Potosi, 23 km for Jalisco and 50 km for
Oaxaca) the sugarcane mill supply areas under study (Figure 3).
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The soil database contains the following information from the National Program of the Sugarcane
Agroindustry (Programa Nacional de la Agroindustria de la Caña de Azucar, PRONAC) [51]: soil depth
(m), soil texture (sand, clay, and silt concentrations), bulk density (t m−3), pH, cation exchange capacity
(cmol/kg), and organic carbon concentration (%).

Latitude and longitude were indicated for each weather and soil information. The data used in
the study were chosen considering proximity to farm sites (Figure 3).
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2.5. Sugarcane Cultivar

The study used the cultivar CP 72-2086 because it is one of the three main sugarcane cultivars in
Mexico [52] and is widely grown in other parts of the world. It is grown in Pakistan [53], Zimbabwe [54],
the United States [55], Venezuela [56], Costa Rica [57,58], Guatemala [59], Nicaragua [60], and other
countries. It was once the most widely grown cultivar in Florida (USA) [61]. In Oaxaca State (Mexico),
where many rural households depend on sugarcane for their livelihood, this cultivar and Mex
69-290 cover 94% of the area [9]. Schuenneman et al. [60] provides a detailed description of the
CP 72-2086 cultivar.

Higher yields at early and late harvest have been reported for CP 72-2086 [62]. In Mexico, it is
considered an early-maturing variety [52], with a mean potential yield of 110–120 Mg ha−1 under
rainfed conditions and 135–140 Mg ha−1 under irrigated conditions in the sub-humid tropics. With the
lack of early-maturing Mexican sugarcane varieties [63], CP 72-2086 has become the preferred cultivar
of many Mexican farmers because of its high yield and early maturation. This cultivar makes it possible
to avoid crop damage due to harsh winter conditions in some regions and to provide cane to the mills
at the start of the harvest season.

2.6. Calibration of Crop Parameters

The ALMANAC model simulates critical growth processes and the impacts of various field-level
management alternatives on the soil and water environment and on crop yields. The model was
designed to simulate a wide range of plant species in a general way that can be easily transferred
to new environments and applied to different plant species [28]. The requisite input parameters for
growth and development can be easily derived from field experiments.

Calibration of crop parameters, the process of finding parameters that provide the best correlation
between a model and the reality it is simulating [64], is part of model calibration aimed at finding
the best fit for a certain regional environment of interest [65]. Calibration refers to refining the
initial selection of parameters used to run the model by comparing the model results with observed
data [66]. This process is useful in deriving parameters that are not available for agricultural areas or
crops [67–69].

The crop parameters considered in this study were leaf area index (LAI), light extinction coefficient
(k), RUE (biomass-energy ratio, g MJ−1 m−2), optimum and minimum temperature for plant growth,
fraction of the season when LAI starts to decline, leaf area decline rate index, first and second points
on LAI curve (i.e., two points on the curve of optimal non-stress leaf area development), maximum
crop height (m), maximum root depth (m), potential heat units (◦C) (base temperature 11 ◦C, optimum
temperature 32 ◦C), dry matter decline rate index, and harvest index. The LAI curve defines how
LAI develops (in the absence of water stress) as a function of the fraction of heat units to maturity.
After anthesis, the rate of decline in LAI also differs within the model as a function of degree days.
Crop height is similarly simulated as a fraction of the degree days to anthesis. To define the range of
values for these crop parameters, we first obtained the values for sugarcane within the database of
the ALMANAC model, which are similar to those in the EPIC model [40]. The values from the model,
which were for a one-year sugarcane crop growth cycle, were then compared with those reported by
Meki et al. [36] for a two-year cycle sugarcane. They were also compared with values reported by
Inman-Bamber [13] for a cultivar with a variable cycle of one to two years and by Singels and van den
Berg [21] for a wide range of ecotypes and cultivars. A new template with possible suitable parameter
values for sugarcane cultivar CP 72-2086 was then created.

The field information (management, production, soil type, and climate) of four rainfed farm sites
(average size 7 ha) in the Ingenio Plan de Ayala mill region in San Luis Potosi (Tables 1 and 2) was
used to run the model and calibrate each crop parameter. The sites were selected at random from all
the sites in the database that were planted to CP 72-2086. Production was simulated for two harvest
periods (2008–2009 and 2009–2010) and compared against the measured yield data reported for each
plot for each harvest period. The potential heat units (PHUs, base and optimum temperatures of 11
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and 32 ◦C) value was defined in the model according to the management schedule while considering
information from farmers. The crop parameters were adjusted iteratively, i.e., the model was run
numerous times, the simulated aboveground dry biomass yields were compared with actual data, and
crop parameter values were adjusted until there was a good match between predicted and measured
dry matter yield values.

The modeling process provides a better understanding of the complex interaction between
leaves and their environment [70]. In this study, the importance of light extinction coefficient (k) in
determining canopy photosynthesis [25] became evident during the initial parameterization phase,
presenting a strong influence on the simulation of sugarcane. Hence, we also made a sensitivity
analysis of k. The model was run again 40 times (four farm sites × five k values × two growing
seasons); in each run, the value of k was changed while the values of all other parameters were kept
constant. The k values that were used were 0.53, 0.56, 0.65, 0.67, and 0.69 because they had been
previously reported in other studies for sugarcane cultivars [8,13,21,36,40,71].

2.7. Validation of Crop Parameters in Three Regions

The validation of the performance of a model is usually done by running the model under the
same conditions used for its calibration, but with a different set of data. In this study, we used another
set of farm sites from the database of San Luis Potosi (the region considered in the calibration) for the
validation. In addition, we also evaluated model performance and the stability of the parameters in
rainfed areas with diverse climate and soil conditions. For this, we used rainfed farm sites from San
Luis Potosi and also from sugarcane mill regions in Jalisco State (Pacific Mexico) and Oaxaca (Gulf
of Mexico). A total of 26 randomly selected rainfed farms were used in the evaluation of the crop
parameters to establish their usefulness in simulating CP 72-2086 sugarcane under rainfed conditions:
eight farms (average size 7 ha) in San Luis Potosi (Northeastern Mexico), 11 farms (average size 5 ha)
in Jalisco (Pacific Region), and seven farms (average size 8 ha) in Oaxaca (Gulf of Mexico Region)
(Figure 1, Tables 1 and 2).

The model was run 104 times (26 farm sites × four k values) using the different k values that
performed well during the sensitivity analysis and all the other crop parameters resulting from the
calibration process. In each run, only the k value was modified, and all other crop parameters were
kept constant. All the previously selected k values were considered, except 0.56. The criterion for the
selection of k values to be included in the validation process was that they present the lowest value in
at least one of the three components of MSD. In the case of k 0.56, its values in all the MSD components
were higher than those of the other four k values (0.53, 0.65, 0.67, and 0.69).

2.8. Statistical Analysis

A regression analysis was made to simulate sugarcane dry matter yield as a function of measured
dry matter yield and to determine the significance of the regression model. However, combining
an R2 analysis with other statistical analyses—in this case, the three components of MSD—made it
possible to measure model efficiency from different angles. For further comparison of the model
performance, the three components of mean squared deviation (MSD = RMSD2) were calculated, i.e.,
the squared bias (SB), the squared difference between standard deviations (SDSD), and the lack of
correlation weighted by the standard deviations (LCS) [72]. SDSD and LCS were calculated using the
following equations:

SDSD = (SDs − SDm)2 (1)

LCS = 2SDsSDm (1 − r) (2)

where SDs and SDm are the standard deviation of the simulation and the measurement respectively;
r is the correlation coefficient.

The SB represents the bias of the simulation from the measurement. The LCS shows the lack of
positive correlation weighted by the standard deviations. The SDSD is the difference in the magnitude
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of fluctuation between the simulation and measurement [72]. As mentioned by Kobayashi and
Salam [72] and Bellocchi et al. [73], the MSD test is better suited to the x-y comparison and easier to
interpret than regression. The correlation-regression approach tends to focus on the contrast with
a lower correlation and regression line far from the equality line, while the analysis of MSD clearly
identifies the simulation vs. measurements contrast with larger deviation than others [72]. In this
study, we decided to use both approaches.

3. Results

3.1. Sugarcane Crop Parameters

Fourteen crop parameters based on the values for sugarcane contained in the ALMANAC database
and those reported by Meki et al. [36], Inman-Bamber [13], and Singels and van den Berg [21] were
calibrated for the one-year cycle sugarcane cultivar CP 72-2086 under rainfed conditions. Table 3
shows the parameter values that had the best fit with the cultivar under study. The model using
the following crop parameters showed highest accuracy and captured best the magnitude of yield
fluctuations: maximum leaf area index of 7.5, leaf area index decline rate of 0.3, optimal and minimum
temperature for plant growth of 32 ◦C and 11 ◦C, respectively, potential heat units 6000 to 7400 degree
days base 11 ◦C, harvest index 0.9, maximum crop height of 4.0 m, root depth of 2.0 m, and a k of 0.69.
Other parameters are in Table 3.

Table 3. Crop parameters calibrated for an early maturing, one-year growth cycle sugarcane cultivar
(CP 72-2086) under dryland conditions in Mexico. The biomass-energy ratio is equivalent to radiation
use efficiency.

Parameter Name Units Value

Biomass-energy ratio g MJ−1 m−2 3.4
Optimal temperature ◦C 32

Minimum temperature ◦C 11
Maximum Leaf Area Index 7.5

Fraction of season when LAI starts to decline 0.9
Leaf area decline rate index 0.3

Light extinction coefficient for Beer’s Law 0.69
First point on optimal LAI curve 25; 25 *

Second point on optimal LAI curve 90; 95 *
Potential heat units ◦C 6000–7400

Maximum crop height m 4
Maximum root depth m 2

Dry matter decline rate index 0.1
Harvest index 0.9

* Two points on optimal (nonstress) leaf area development curve. Numbers before semicolon are % of growing
season. Numbers after semicolon are fractions of maximum potential leaf area index (LAI).

The resulting values for maximum leaf area index (7.5), leaf area decline rate index (0.30),
and maximum root depth (2.0) were similar to those of Meki et al. [36]. As for the biomass-energy
ratio, which represents the potential (unstressed) growth rate (including roots), the value of
3.4 g MJ−1 m−2 [36] proved suitable for use with CP 72-2086. For the dry matter decline rate index,
which indicates reduction in the efficiency of conversion of intercepted photosynthetically active
radiation to biomass due to production of high energy products like seeds and/or translocation of N
from leaves to seeds [40], the default value of 0.1 in the ALMANAC model proved to be adequate in
this study. The minimum temperature value of 11 ◦C is close to the 12 ◦C value reported by Marin and
Jones [8] for sugarcane in Brazil, while the value of 32 ◦C for optimal temperature is similar to that
reported by NeTafim [74] for sugarcane.
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As for k, the initial analysis showed that the use of any value of k resulted in an R2 of 0.94 or
0.95 (Figure 4). Further analysis using MSD components (Figure 5) showed that the k value of 0.65
had a lower value of squared bias. However, with k values 0.67 and 0.69, the model showed a greater
ability to simulate the magnitude and pattern of fluctuations in production (lower values in squared
difference between standard deviation and lack of correlation weighted by the standard deviation).
These values were evaluated to determine the best k value for large-scale simulations of sugarcane
under rainfed conditions. The values of root mean squared deviation (RMSD) were 5.9, 5.1, 4.5, 3.9 and
3.8 Mg ha−1 for k 0.53, 0.51, 0.65, 0.67, and 0.69, respectively (Table 4).
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Table 4. Measured and simulated sugarcane yield in Northeastern Mexico using light extinction
coefficient (k) and other crop parameters during the calibration process.

Harvest Period Farm Site Measured Yield (Mg ha−1)
Simulated Yield (Mg ha−1) with Crop Parameters *

k 0.53 k 0.56 k 0.65 k 0.67 k 0.69

2008–2009

1 60 54.0 57.7 59.7 57.3 57.7
2 60 57.0 60.3 62.4 60.3 60.7
3 40 28.2 28.9 30.7 31.1 31.5
4 60 55.9 56.7 58.8 59.2 59.5

2009–2010

1 55 56.8 60.3 61.8 58.9 59.2
2 65 60.6 64.5 66.6 64.0 64.4
3 35 27.9 28.6 30.4 30.8 31.1
4 60 58.5 59.2 61.3 61.7 62.0

Mean 54.4 49.9 52.0 54.0 52.9 53.3
RMSD 5.9 5.1 4.5 3.9 3.8

* Maximum leaf area index of 7.5; leaf area index decline rate of 0.3; optimal and minimum temperature for plant
growth of 32 ◦C and 11 ◦C, respectively; potential heat units of 6000 to 7400 degree days (base 11 ◦C); harvest index
of 0.9; maximum crop height of 4.0 m and root depth of 2.0 m.

3.2. Validation of Parameters in Three Regions

To measure their stability and suitability for simulations at a wider scale, the crop parameters
were evaluated in the region used for parameterization and in two other regions with diverse climates
and soils. All sites had been planted to CP 72-2086 under rainfed conditions. In addition to the k value
of 0.69, the k values of 0.53 and 0.65 were included in the evaluation because they presented the lowest
value in at least one of three components of MSD (Figure 5); the 0.67 k value was also evaluated because
it showed an LCS value similar to 0.69 k, i.e., both k values simulated with the same precision the
magnitude of fluctuation of yields (Figure 5).

The results of the evaluation showed that in the case of the Ingenio Plan de Ayala mill region
in San Luis Potosi (Northeastern Region), the use of k 0.65 with other derived parameters resulted
in lower value of squared bias (SB = 1.0). This k value is the default value for sugarcane in models
such as EPIC [40] and ALMANAC when the k value is not known; it has also been reported for
maize [75]. On the other hand, the magnitude of fluctuations in production was simulated in the same
way (SDSD = 4) with 0.69 and any other value of k, possibly because the magnitude of fluctuations of
production was not very wide in the selected sites in this mill region (yields were within a range of 55
to 65 Mg ha−1 with a mean of 58.5 Mg ha−1). However, the model using k 0.69 resulted in the lowest
overall deviation (MSD = 15) with an RMSD of 3.9 Mg ha−1 (Table 5).

Table 5. Root mean squared deviation (RMSD) of simulated sugarcane yield in three regions of Mexico
using light extinction coefficient (k) and other crop parameters during the validation process.

Sugarcane Region Number of Farm Sites

RMSD (Mg ha−1) of Yield
Simulation with Crop Parameters *

k 0.53 k 0.65 k 0.67 k 0.69

Northeastern Mexico 8 4.0 3.9 4.0 3.9
Gulf of Mexico 7 11.4 10.1 9.8 9.4
Pacific Mexico 11 11.4 9.1 8.9 8.7

Three regions combined 26 9.7 8.2 8.0 7.8

* Maximum leaf area index of 7.5; leaf area index decline rate of 0.3; optimal and minimum temperature for plant
growth of 32 ◦C and 11 ◦C, respectively; potential heat units of 6000 to 7400 degree days (base 11 ◦C); harvest index
of 0.9; maximum crop height of 4.0 m and root depth of 2.0 m.

For the Ingenio Adolfo Lopez Mateos mill region in Oaxaca (Gulf of Mexico Region), the use
of 0.69 k with the other parameters resulted in highest accuracy (SB = 15.0), best simulation of the
pattern and magnitude of fluctuations (SDSD = 33.0 and LCS = 41.0), and the lowest overall deviation
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(MSD = 89.0) and with an RMSD of 9.4 Mg ha−1 (Table 5). In this mill region, the production range of
the selected sites was 47 to 70 Mg ha−1 with a mean of 60.8 Mg ha−1. The model considering the value
of k 0.69 can adequately capture this variability in production and may be used with other parameters
in future simulations of sugarcane in this region.

In the case of the Ingenio Jose Maria Morelos mill region in Jalisco (Pacific Region), the k value of
0.69 used with the other parameters also showed the best accuracy, the lowest overall deviation value
(SB = 6.0 and MSD = 75.4), and the lowest RMSD value (8.7 Mg ha−1) (Table 5). The range of measured
yield was 50 to 80 Mg ha−1 with a mean of 67.3 ± 11.2 Mg ha−1.

In the analysis considering the combined data of all three regions to see the feasibility of using a
single value of k for all the sugarcane regions, it was observed that the model using k values of 0.67 and
0.69 had the best accuracy (SB = 7.0) and captured the magnitude of fluctuations (SDSD = 15.0), while
with 0.69 k, it showed better precision in simulating the pattern of fluctuations (LCS = 39.0). The lowest
overall deviation (MSD = 61.0) was for k 0.69 with an RMSD of 7.8 Mg ha−1 (Table 5); this k value is
thus considered the best value to use in the large-scale simulation of sugarcane cultivar CP 72-2986
under rainfed conditions. This value is close to the 0.68 value cited by Marin and Jones [8] and the
0.699 value reported by Zhou et al. [76] for SP83-2847 and ZN7 sugarcane, respectively.

As mentioned earlier, k 0.65 is already included in the crop parameter database of the models
EPIC and ALMANAC for use with several crops, such as sorghum, wheat and maize. Based on the
results of this study, it is considered a reasonable value to use when the k value for a sugarcane variety
is unknown.

Process-oriented plant models like ALMANAC or EPIC currently consider only one value
of k for the simulation of the entire crop cycle. Considering a dynamic value of k (i.e., varying
during the growing season) may help improve model accuracy. An example of this was reported by
Inman-Bamber [13], who, while running a model for sugarcane, changed the value of k from 0.58 to
0.86 when more than 15 emerged leaves were predicted for primary shoots. Zhou et al. [76] reported
an increase in k in four sugarcanes cultivars with increasing crop age. Varying the k value according to
the development and growth stage of the simulated crop may lead to a more precise simulation of
the crop development process and therefore to greater accuracy in the yield simulation. Additional
studies are needed in this regard.

4. Conclusions

The crop parameters that were calibrated and validated under a range of climatic, soil, and crop
management conditions (Table 3) proved adequate for simulations of rainfed CP 72-2086 sugarcane.
The model simulations had low RMSD ranging from 3.9 to 9.4 Mg ha−1 or <10 Mg ha−1 in all the
three regions that had varied total annual precipitation ranging from 1100 to 2800 mm. They also
demonstrated the versatility of the cultivar CP 72-2086 in adapting to both tropical and subtropical
regions as seen in the amplitude of parameters, such as optimal temperature of 32 ◦C and minimum
temperature of 11 ◦C for crop growth, and potential heat units ranging from 6000 to 7400.

The light extinction coefficient (k) proved to be an important parameter in the yield simulation
of sugarcane in this study. The value of k 0.69 was found suitable for use with the other derived
parameters in simulating the cultivar CP 72-2086 under diverse rainfed conditions. The value of k 0.65
is considered a reasonable value to use when the k value for a sugarcane variety is unknown. Further
study is needed to determine if the adjustment of the k value during the simulation of sugarcane crop
growth and development may help increase the accuracy of models, such as ALMANAC.
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